Few effective therapeutic options are available for treating severe infections caused by extensively drug-resistant Acinetobacter baumannii (XDR-AB). Using a murine thigh-infection model, we examined the in vivo efficacy of colistin in combination with meropenem, tigecycline, fosfomycin, fusidic acid, rifampin, or sulbactam against 12 XDR-AB strains. Colistin, tigecycline, rifampin, and sulbactam monotherapy significantly decreased bacterial counts in murine thigh infections compared with those observed in control mice receiving no treatment. Colistin was the most effective agent tested, displaying bactericidal activity against 91.7% of strains at 48 h post-treatment. With strains showing a relatively low minimum inhibitory concentration (MIC) for meropenem (MIC 32 mg/L), combination therapy with colistin plus meropenem caused synergistic inhibition at both 24 h and 48 h post-treatment. However, when the meropenem MIC was !64 mg/L, meropenem did not significantly alter the efficacy of colistin. The addition of rifampin and fusidic acid significantly improved the efficacy of colistin, showing a synergistic effect in 100% and 58.3% of strains after 24 h of treatment, respectively, while the addition of tigecycline, fosfomycin, or sulbactam did not show obvious synergistic activity. No clear differences in activities were observed between colistin-rifampin and colistin-fusidic acid combination therapy with most strains. Overall, our in vivo study showed that administering colistin in combination with rifampin or fusidic acid is more efficacious in treating XDR-AB infections than other combinations. The colistin-meropenem combination may be another appropriate option if the MIC is 32 mg/L. Further clinical studies are urgently needed to confirm the relevance of these findings.
Introduction
Acinetobacter baumannii is a non-fermentative Gram-negative coccobacillus, whose natural reservoir remains to be determined [1] . It has emerged as one of the most significant nosocomial pathogens in health-care settings. Carbapenems were one of the most active agents against A. baumannii, but due to the overuse of these drugs, carbapenem-resistant strains have rapidly emerged during the last decade [2] . Most carbapenem-resistant A. baumannii are not only resistant to carbapenems, but are also highly resistant to nearly all commonly used antibiotic classes in clinical use; such strains are referred to as extensively drug-resistant A. baumannii (XDR-AB) [3] . Because of the limited number of effective therapeutic options available, severe infections caused by XDR-AB are often associated with high treatment failures and mortality rates [4] .
Colistin, an "old drug" that was abandoned in the 1960s because of it severe nephrotoxicity, has been reintroduced in clinical settings. It exhibits rapid and concentration-dependent bactericidal activity by destroying the outer membrane of Gram-negative bacteria [5] . Results from several in vitro susceptibility tests have demonstrated its robust bactericidal activity against XDR-AB [6] . However, observations of rapid regrowth following colistin treatment in vitro, heteroresistance, and low plasma concentrations have raised questions regarding the efficacy of colistin as a monotherapy [7] . Thus, many physicians prefer to prescribe combination therapy to treat XDR-AB infections, especially considering the synergistic effects observed between colistin and other antibiotics, which have been proven in various in vitro studies [8] .
However, synergistic activity found in in vitro tests may not correlate well with in vivo outcomes [9] . In addition, specific combinations showing increased in vivo efficacy against XDR-AB have not been well investigated. Therefore, to establish the potential use of combination therapy with colistin in clinical situations, we developed a murine thigh-infection model and employed this model to examine the in vivo efficacy of colistin combined with meropenem, tigecycline, fosfomycin, fusidic acid, rifampin, or sulbactam against XDR-AB.
Materials and Methods

Bacterial strains and molecular analysis
Twelve XDR-AB strains were collected from hospitalized patients of a tertiary hospital between 2013 and 2014 in Beijing, China. Five strains were isolated from the sputa of patients with pneumonia, 4 strains were isolated from the blood, and the 3 remaining strains were isolated from urine. Pseudomonas aeruginosa ATCC27853 and Escherichia coli ATCC25922 were used as reference strains for susceptibility testing. All strains were identified using the Vitek1 2 Compact System (bioMérieux, Marcyl'Étoile, France).
Pulsed-field gel electrophoresis (PFGE) was performed on the tested strains. In brief, the strains were digested with proteinase K (Takara Biotechnology Co. LTD., Dalian, China), and chromosomal DNA was digested with ApaI (Takara Biotechnology Co. LTD.) as previously described [10] . The PFGE was run in a CHEFMapperTM system (Bio-Rad Laboratories, Inc., Berkeley, CA, USA), and the DNA band profiles were detected after staining with ethidium bromide and photographed with the UV gel Doc (BIO-RAD, USA). The similarity between isolates was determined by the comparison of the DNA banding patterns using the BioNumerics V 6.0 software (Bio-Rad) according to the criteria of Tenover et al. [11] . All isolates with PFGE banding patterns with a similarity index of >75% were grouped within the same cluster. Then the Ambler class B carbapenemase bla IMP-1 , bla IMP-2 , bla NDM-1 , bla SIM-1 , bla VIM-1 and bla VIM-2 and Ambler class D carbapenemase bla OXA-23, bla OXA-24, bla OXA-51, bla OXA-58 were further detected by PCR as previously described [12] . The primers used in this study are shown in Table 1 .
Antibiotics
Meropenem, fosfomycin, fusidic acid, rifampin, and sulbactam standards were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Tigecycline and colistin was purchased from Sigma-Aldrich (St Louis, MO, USA).
Susceptibility testing
The minimum inhibitory concentration (MIC) of all antibiotics was determined using the broth-microdilution method, according to the Clinical and Laboratory Standard Institute (CLSI) guidelines [13, 14] . Briefly, cation-adjusted Mueller-Hinton broth (Becton, Dickinson and Co.; Franklin Lakes, NJ, USA) containing graded concentrations of antibiotics was freshly prepared. Study isolates that grew to an optic density of 0.5 McFarland units were diluted to 5 ×10 6 CFU/ml. Then 100 μl of antibiotic solution and 10 μl of bacteria suspension were added simultaneously to 96-well U-bottom microplates. After mixing with a vortexer, the microplates were incubated for 24 h at 37°C in ambient air. All susceptibility tests were performed in 3 independent experiments on different days.
Mouse thigh-infection model
This animal study was approved by the Research Animal Care and Use Committee of the General Hospital of Chinese People's Armed Police Forces (No.WJ27856). Specific-pathogen-free, female Bagg inbred albino c-strain (BALB/c) mice (Charles River, Beijing, China) weighing 25 ± 2 g were used in this study. Mice were maintained and utilized according to the Protocol for the Protection and Welfare of Animals. The thigh-infection model was constructed as described previously [15] . Before inoculation, mice were rendered neutropenic by intraperitoneal injection with cyclophosphamide (Bristol-Myers Squibb, Princeton, NJ) at 150 mg/kg body weight (4 days before infection) or 100 mg/kg (1 day before infection). To develop the thigh-infection model, 0.1 ml freshly prepared bacterial suspension at a density of 3 × 10 7 CFU/ml was intramuscularly injected into the left thigh of each mouse. After inoculation, they were randomly divided into 3 groups (5 mice/group) receiving monotherapy, combination therapy, or no treatment for 24 h or 48 h observation (a total of 6 groups for each strain). The following antibiotic doses were used: colistin at 20 mg/(kgÁ8 h) [16] , meropenem at 200 mg/(kgÁ8 h) [17] , tigecycline at 50 mg/(kgÁ24 h) [18] , fosfomycin at 100 mg/(kgÁ4 h) [19] and fusidic acid 500 mg/(kgÁ8 h) [20] , rifampin at 25 mg/(kgÁ6 h) [16] , and sulbactam 120 mg/(kgÁ12 h) [21] , as described previously. At 24 h or 48 h post-treatment, the infected mice were humanely euthanized, and their thigh muscles were aseptically excised. The thigh muscles were then homogenized and the number of CFUs was counted after serially diluting the homogenates. All statistical analyses were performed using IBM SPSS software (version 20.0). Data for each group were presented as the mean value, and a t test was used for statistical analysis. A treatment regimen was considered effective if it resulted in a statistically significant reduction of bacterial counts (P < 0.05) when compared with no treatment or other regimens. Synergy for a combination therapy was defined as a !2 log10 CFU/mL decrease in comparison with the single drug, and antagonism was defined as !2 log10 CFU/mL increase. A !3 log10 CFU/ mL decrease was considered to indicate bactericidal levels of activity.
Results
Susceptibility testing and molecular analysis
As shown in Fig 1, the PFGE patterns classified the 12 isolates into 4 distinct clonal types. The bla OXA-51 carbapenemase gene was detected in all strains, and bla OXA-23 was detected in 8 strains. Ambler class B carbapenemase genes were all negative. All strains were resistant to meropenem and susceptible to colistin, based on breakpoints determined using the CLSI guidelines ( Table 2 ). The test strains also had low MICs for tigecycline (0.5 to 2 mg/L), but relatively high MICs for other antibiotics.
Efficacy of antibiotic monotherapies compared with no treatment
The efficacies of antibiotic monotherapies, which were reflected by decreased bacterial counts, are shown in Table 3 . Colistin, tigecycline, rifampin, and sulbactam monotherapies showed statistically significant decreases of bacterial counts for all 12 strains at 24 h and 48 h posttreatment. Compared with other antibiotics, colistin had the highest efficacy and showed bactericidal activity (!3 log10 CFU/mL decrease) with 91.7% (11/12) of strains after a 48-h treatment. Tigecycline and rifampin monotherapy displayed bactericidal activity in 50% (6/12) and 58.3% (7/12) of strains after 48 h of treatment, respectively. Monotherapy with meropenem, fosfomycin, and fusidic acid exhibited considerably lower activity, showing significant inhibition of 50% or less of the test strains after both 24 h and 48 h of treatment. 
Efficacy of colistin combinations compared with monotherapies
The efficacies of combination therapies with colistin were compared with monotherapies ( Table 4 ). The addition of rifampin and fusidic acid significantly improved the efficacy of colistin, showing synergistic effects against 100% and 58.3% of strains after 24 h of treatment, respectively. With strains with relatively low meropenem MICs (AB-1 to AB-5), colistin plus meropenem administration displayed synergistic effects after both 24 h and 48 h of treatment. However, when the meropenem MIC was !64 mg/L (AB-6 to AB-12), meropenem addition did not significantly alter the efficacy of colistin. Though colistin plus fosfomycin treatment was more effective (P < 0.05) than colistin monotherapy in 83.3% (24 h) and 66.7% (48 h) of the test strains, synergistic inhibition was only found in 1 strain (AB-4). Combined administration of tigecycline or sulbactam with colistin did not considerably improve the efficacy of colistin. No antagonism was observed in this study.
Comparison of colistin combinations
As shown in Figs 2 and 3, colistin-fusidic acid and colistin-rifampin combinations were generally superior to other combinations. After a 48h treatment, a difference of >2 Δlog of bacterial counts was observed between the colistin-fusidic acid combination and the colistin-tigecycline, colistin-fosfomycin, or colistin-sulbactam combinations. When treating infections caused by strains with meropenem MICs < 64 mg/L, the combination of colistin with meropenem was superior to colistin with tigecycline, fosfomycin, or sulbactam, but were not inferior to colistin with fusidic acid after 24 h and 48 h of treatment (data not shown). After a 48h treatment, a difference of >2 Δlog of bacterial counts was observed between the colistin-rifampin combination and colistin treatment in combination with meropenem, tigecycline, fosfomycin, or sulbactam (Fig 3) . Finally, there was no clear difference between the activities of the 2 most effective combinations (colistin plus fusidic acid versus colistin plus rifampin), with a < 1 Δlog of bacterial counts difference observed after both 24 h and 48 h of treatment for most strains.
Discussion
XDR-AB strains threaten the successful treatment of serious infections in critical care patients worldwide [22] . Although several studies have evaluated the activities of diverse antimicrobial agents against XDR-AB, an optimal treatment scheme remains unclear. Some regimens involving colistin, tigecycline, and sulbactam (alone or in combination) may be efficacious in combatting XDR-AB infections [6] , although limited in vivo data exists regarding the efficacies of these regimens. In this study, we found that colistin, tigecycline, rifampin, and sulbactam monotherapy significantly decreased bacterial counts during murine thigh infections when compared with those observed in control mice receiving no treatment. Tigecycline and rifampin monotherapy displayed bactericidal activity in 50% (6/12) and 58.3% (7/12) of strains at 48 h post-treatment. Colistin monotherapy appeared to be the most effective monotherapy regimen, displaying bactericidal activity in 91.7% of strains after 48 h of treatment. This was in accordance with the findings of Pachon-Ibanez et al., whose pneumonia model also showed a bacterial reduction of approximately 3 log10 CFU/g in the colistin group relative to their control group [16] . However, results from a different study conducted by Montero et al. showed that colistin had the weakest antibacterial effect when compared with imipenem, sulbactam, tobramycin, and rifampin in a pneumonia model [23] . This discrepancy may be mainly explained by their low colistin doses used with an area under the curve (AUC) of 11.96 mgÁh/L (Montero et al.) , in contrast with the doses used in our study (the same as in the study by Pachon-Ibanez et al.), which resulted in an AUC of up to 26.42 mgÁh/L, being similar to that in humans (23.43 mgÁh/ L). Moreover, the MICs of strains for imipenem, sulbactam, and rifampin in the study of Montero et al. were relatively lower than those of strains tested in our study. Previous in vitro studies showed that the synergy rate of colistin combined with carbapenems against A. baumannii reached >80% [24] . However, the results of in vivo studies with the colistin-carbapenem combination were not synergistic as expected. A previous study by Song et al. showed that colistin in combination with imipenem did not significantly reduce bacterial loads in lungs after infection with an OXA-51-producing strain (MIC for imipenem: 64 mg/L) [25] . In our study, combination treatment with colistin and meropenem only showed synergistic effects in 41.7% of the test strains after 48 h of treatment (Table 4) . We also noted that with strains having low meropenem MICs ( 32 mg/L), colistin-meropenem combination therapy displayed synergistic effects and was superior to colistin plus tigecycline, fosfomycin, or sulbactam. However, with strains having higher MICs (! 64 mg/L), no synergistic effects were found in this combination therapy. These results indicated that the colistin-carbapenem combination b Δlog means the log 10 recovered CFU of antibiotic combination therapy minus the log 10 recovered CFU of monotherapy.
c A P value of < 0.05 indicates significance and is shown in bold.
doi:10.1371/journal.pone.0157757.t004
In Vivo Colistin Combinations against XDR-AB Infections may not have advantages over monotherapy against infections caused by XDR-AB strains with high MICs for carbapenems. Rifampin, which exhibited high MICs, was generally effective against XDR-AB strains, being comparable to colistin and tigecycline in our study. Previous in vivo studies using different animal models obtained similar outcomes [16, 23] . However, rifampin monotherapy is not recommended in clinical practice. Treatment with colistin plus rifampin yielded synergistic effects with all test strains at both 24 h and 48 h post-treatment. Compared with colistin combined with meropenem, tigecycline, fosfomycin, or sulbactam, administration of colistin with rifampin was more efficacious in treating XDR-AB infections. In a multicenter, open-label, randomized trial conducted with enrolled patients having life-threatening XDR-AB infections, including rifampin with colistin significantly increased the microbial-eradication rate (P = 0.034), but did not reduce the 30-day mortality [26] . Thus, the authors suggested that rifampin should not be routinely combined with colistin for treating severe XDR-AB infections at present. However, it should be noted that this study had important limitations, such as the lack of blinding of physicians to the intervention and the large number of patients who received active (tigecycline) or potentially synergistic (carbapenems) agents in the control group [27] . In the future, well-designed studies will be needed to clarify the role of colistin-rifampin combination therapy in treating XDR-AB infections.
The lack of effective, novel antibiotics against XDR-AB requires the use of unorthodox combinations of existing anti-microbial agents. A potent synergistic effect was observed in vitro between colistin and glycopeptides, daptomycin, or fusidic acid, which are only used against Gram-positive bacterial infections [28] [29] [30] [31] . The effect is thought to be mediated via a permeabilizing effect of colistin on the outer membrane of A. baumannii, facilitating the entry of antibiotics with large molecules [32] . Using a simple Galleria mellonella-infection model, several studies have demonstrated that colistin combined with glycopeptides and daptomycin are highly active against A. baumannii in vivo [33] [34] [35] . Results from our study also revealed that the addition of fusidic acid significantly improved the efficacy of colistin, with a synergistic effect in 58.3% and 75.0% of the test strains after 24 h and 48 h of treatment. Colistin combined with fusidic acid was superior to the combination of colistin with meropenem, tigecycline, fosfomycin, or sulbactam. Therefore, the colistin-fusidic acid combination should be considered as a potential treatment for difficult-to-treat XDR-AB infections.
Although many in vitro studies have demonstrated that colistin combined with tigecycline, fosfomycin, or sulbactam displayed synergistic effects [8] , the addition of these agents did not considerably improved the efficacy of colistin in the current study. Yilmaz et al. also showed that no statistically significant differences of bacterial counts in lung tissue were observed between colistin, tigecycline, and combination treatments against an XDR-AB strain, despite the synergy observed in vitro [36] . Previous data by Dinc et al. showed that the addition of sulbactam to colistin and tigecycline therapy had no significant effect on bacterial counts in an experimental model of carbapenem-resistant A. baumannii sepsis [21] . Thus, such colistin combinations might not be advantageous over colistin monotherapy for treating XDR-AB infections in clinical settings.
Our study has several limitations and should be interpreted with caution. First, although the strains used in this study were isolated from different patients in our hospital, this is a singlecenter study, and the strains segregated into only 4 groups, based on PFGE results. Second, we did not evaluate differences in dissemination of bacteria in the blood and other organs following treatment with different drug combinations. Third, because the thigh infection model is a local infection model, we could not compare mortality rates and other clinical data in addition to bacterial counts. In summary, our in vivo findings suggest that colistin in combination with rifampin or fusidic acid is more efficacious in treating XDR-AB infections than are other combinations. Colistin-meropenem combination may be another appropriate option, in cases where the MIC is not higher than 32 mg/L. Further clinical studies are urgently needed to prove the relevance of these findings in humans.
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